Abstract: Candida albicans morphogenesis enables colonization of various niches in host body. Various hyphae-dependent genes have been described. Among them secreted aspartyl proteinases (Saps) play a central role in pathogenesis. Candida albicans SAP4-6 genes encode secretory aspartyl proteinases Sap4-6, which are involved in hyphae formation and virulence. Transcriptional factors Cph1 (STE-like transcription factor) and Efg1 (positive regulator of filamentous growth) govern the expression of several C. albicans genes and contribute to morphogenesis. Given that SAP4-6 expression is regulated during hyphal formation, in this study we investigated the degree of SAP6 expression in strains with deletion of EFG1 and/or CPH1 regulating morphological transition in comparison to clinical isolate. The SAP6 gene expression level was measured with the application of quantitative real-time PCR, after 18 h incubation in human serum at body temperature. Moreover, scanning electron microscopy was applied to characterize morphologies of the tested strains. The estimated SAP6 expression was considerably high in the ∆cph1/∆cph1 strain. Furthermore, introduction of the functional copy of CPH1 to this mutant resulted in upregulation of SAP6 expression. In the contrary, in the strains deleted for either EFG1 or both CPH1 and EFG1 factors, SAP6 expression was significantly altered. Reintroduction of one copy of EFG1 to ∆cph1/∆cph1 ∆efg1/∆efg1 restored hyphae formation, yet SAP6 expression remained altered in this strain. This might suggest that SAP6 is hyphae-independent and is not solely regulated by Efg1 but also by Cph1. Moreover, other transcriptional factors may regulate this gene expression under human serum influence.
Introduction
Candida albicans is an opportunistic pathogen that causes superficial and invasive infections in immunocompromised patients (Huang 2012) . According to literature data, the ability of C. albicans to cause diseases has strongly been linked to morphological transition, as both mutants deficient in hyphae formation and strains locked in filamentous forms display attenuated virulence (Lo et al. 1997; Kebaara et al. 2008; Chao et al. 2010) . Morphological plasticity enables C. albicans to successfully colonize and infect different niches of the human host (Lu et al. 2011) . Hyphae fulfil an essential role in tissue penetration and in escaping the host immune system and avoiding being digested by macrophages (Lo et al. 1997; Lu et al. 2011) . Contrariwise, blastoconidia contribute to pathogenesis by disseminating in the bloodstream (Lu et al. 2011) .
Morphogenesis of C. albicans is known to be regulated by environmental cues, such as neutral pH, growth temperature at 37
• C, presence of serum, nitrogen starvation and low oxygen concentrations (Biswas et al. 2007; Ghosh et al. 2009; Huang 2012) . Moreover, many transcriptional factors regulating morphogenesis have been described (Lo et al. 1997; Schweizer et al. 2000; Nantel et al. 2002; Huang 2012) . Among them positive regulator of filamentous growth (Efg1) and STElike transcription factor (Cph1) have been confirmed to be the main transcriptional regulators transmitting signals in the presence of serum (Nantel et al. 2002) . Mutants lacking these factors fail in vitro to form filaments in response to hyphae-promoting factors (Lo et al. 1997) . Reduced virulence abilities of C. albicans strains with deletion of transcriptional morphogenesis regulators EFG1 or/and CPH1 might be a result of altered morphological transition and down-regulation of hyphae-related genes coding for cell wall proteins, adhesins or secreted aspartyl proteases (Saps) (Chao et al. 2010) . Sap izozymes appear to play the central role in pathogenicity (Naglik et al. 2003) . To date 10 genes of SAP family have been identified (Naglik et al. 2008) . Moreover, each member of the Sap family contributes Lo et al. (1997) to a different type of Candida infections. The aspartic proteinase isoenzymes 1-3 (Sap1-3) are connected to localized mucosal infections, whereas the aspartic protease isoenzymes 4-6 (Sap4-6) are required for systemic infections (Schaller et al. 1999; Felk et al. 2002; Staniszewska et al. 2012a,b) . It was described (Hube et al. 1994; Kumamoto & Vinces 2005 ) that SAP4-6 expression is regulated during hyphal formation. Despite many studies and identification of many transcriptional regulators that govern the yeast-tohypha transition and hyphae-associated genes expression (Lo et al. 1997; Kebaara et al. 2008; Lu et al. 2011 ), our knowledge is still not complete. Taking that into consideration, the objective of this study was the in vitro analysis of the SAP6 gene (encoding Sap6) expression profile of morphogenesis mutants in comparison to the clinical isolate with the application of quantitative real time PCR with the use of TaqMan primers and probe set (TaqMan qRT-PCR).
Material and methods

Strains and media
Strains used in the present study are listed in Table 1 . Prior to the respective examinations all the strains were stored on ceramic beads (Microbank TM , Pro-Lab Diagnostics, Canada) at the temperature of -70
• C. Routine culturing of strains for growth was conducted at 30
• C for 18 h in YEPD solid medium (Ness et al. 2010) .
Induction of C. albicans hyphal forms in human serum
The serum obtained from healthy volunteers was filtered using Millex filter with 0.45 µm durapore membrane (Millipore, Carrigtwohill, Ireland) . The induction of C. albicans hyphae in undiluted human serum (pH 7.1-7.4) was conducted as described previously (Staniszewska et al. 2011a (Staniszewska et al. , 2012a . All the tested strains were incubated in undiluted human serum at 37
• C for 18 h.
RNA isolation and quantitative Taq-Man qRT-PCR
After the incubation period the total RNA was isolated as described by Amberg & Burke (2005) and stored at -20
RNA concentration was determined using nanodrop (Nano Drop 2000, Thermo Scientific, USA). A reverse transcription was performed applying a two-step qRT-PCR analysis (Sigma Aldrich, USA) according to the manufacturer's instructions. The reaction mixture contained the 1×RT-PCR buffer, 4 mM MgCl2, 600 nM forward and reverse TaqMan primer, 200 nM TaqMan probe (5' FAM, 3' TAMRA), HotStarTaq DNA polymerase, omniscript and sensiscript reverse transcriptase (RT) enzymes, and template RNA ( Naglik et al. 2008 ). The qRT-PCR was performed as described previously by Naglik et al. (2008) on the Rotor Gene 6000 thermocycler (RCorbett, Qiagen, Germany).
Scanning electron microscopy (SEM) morphology assay
Samples of the tested strains were prepared as described (Oliveira et al. 2010) . Next, after fixation the samples were dehydrated twice for 10 min with graded ethanol 50% and 75%, respectively, followed by dehydration with acetone (twice for 30 s each). The dried specimens were then coated with osmium tetraoxide and observation was done under the Hitachi S-5500 scanning electron microscope (Japan). Images were assembled with Photoshop (Adobe Photoshop CS3 Extended). Cell dimensions were determined by using bars.
Results
In order to analyse the SAP6 expression profile in the wild strain and morphogenesis mutants, we applied the hyphae-inducing conditions and the qRT-PCR analysis based on the TaqMan set. Conditions of undiluted human serum mimic bloodstream infections; therefore serum was chosen as the hyphae-inducing cue. The SAP6 expression levels in undiluted human serum after 18 h incubation are shown in Table 2 .
In the study, we showed the expression of SAP6 gene below the detection limit of the ACT1 gene encoding actin in the strains deleted for EFG1. Furthermore, the mutant with one reintroduced copy of EFG1 (HLC84) demonstrated a 16-fold lower expression of SAP6 compared to the single ∆efg1/∆efg mutant (Fig. 1) . Moreover, we demonstrated that the mutant with one reintroduced copy of CPH1 had a change of 16-and 1.5-fold expression of SAP6 compared to the single ∆cph1/∆cph1 morphogenesis mutant and the clinical isolate, respectively. In the strains deleted for the EFG1 factor, the SAP6 expression is highly altered.
In order to examine hyphae formation in human serum after 18 h incubation period, SEM analysis was applied. As shown in Figure 2 , the clinical isolate (strain 82) formed abundant hyphae (Fig. 2A) ; whereas the strains deleted for CPH1 and/or EFG1 transcriptional factors had a reduced filamentation ability or were locked in the yeast form under the tested conditions (Fig. 2B-D) .
Discussion
The ability to undergo yeast-to-hyphae switch is known to be an important virulence factor of C. albicans (Felk et al. 2002; Lo et al. 1997) . Morphological plasticity enables C. albicans colonization and infection of various niches inside the host body (Lu et al. 2011) . The activity profiles of hydrolytic enzymes differ between yeast and hyphal forms, as various morphotypes play different roles in the particular steps of pathogenesis (Staniszewska et al. 2011b ). Both the pleomorphism and expression of hyphae-associated genes are regulated by signalizing pathways, such as Rim101 pathway, cAMP-protein kinase A pathway, which include the Efg1p regulator, and a conserved mitogen activated kinase pathway involving Cph1p (Lewis et al. 2002; Almeida et al. 2008) . The SAP4-6 are thought to be hyphae-associated genes expressed during the morphological transition (Sanglard et al. 1997; Almeida et al. 2008; Chao et al. 2011) . It was described that strains defective in Efg1p and Cph1p suffer severe morphogenesis defects (Lo et al. 1997) . Different SAP4-6 expressions have been shown in previous studies (Chen et al. 2002; Felk et al. 2002 ).
In the current study, we evaluated the SAP6 expression in strains defective in hyphae formation in comparison to the clinical isolate 82 used as a control strain. According to Nantel et al. (2002) , in seruminduced hyphal formation, the role of the CPH1 gene expression appears to be relatively minor in comparison to EFG1, but it still remains significant. In our study, the hyphae-related SAP6 expression of the ∆cph1/∆cph1 mutant (strain Can16) was considerably higher compared to ∆efg1/∆efg1 and similar to that of the wild strain, which complies with previous studies (Felk et al. 2002; Nantel et al. 2002) . Despite its reduced ability to form hyphae (Fig. 2B) , the ∆cph1/∆cph1 mutant was still able to fully undergo the morphogenesis transition, as this strain's morphogenesis defect was not severe (Lo et al. 1997) . Moreover, in the ∆cph1/∆cph1 strain containing the integrated copy of CPH1 (strain YLO323), the SAP6 expression appears to be upregulated in comparison to the clinical isolate. The deletion of EFG1 suppressed the production of true hyphae in vitro (Fig. 2C) as well as in animal models (Lo et al. 1997; Felk et al. 2002; Jackson et al. 2007 ). Our study showed that in the strains with the EFG1 factor deleted, the SAP6 gene expression was highly altered. These data correspond with previous studies (Chen et al. 2002; Felk et al. 2002; Jackson et al. 2007 ) that indicated the importance of the Efg1 function in SAP6 expression during hyphae formation.
In our study, the double ∆cph1/∆cph1 ∆efg1/ ∆efg1 mutant had severe morphogenesis defects and failed to form filaments under hyphae-inducing conditions in vitro (Fig. 2D ) and was avirulent in animal models (Lo et al. 1997; Lewis et al. 2002; Huang 2012) . Previously, Chen et al. (2002) evaluated the SAP4-6 expression level in the double null ∆cph1/∆cph1 ∆efg1/∆efg1 mutant after 48 h incubation in the bovine serum albumin containing medium, however, in that study no expression was detected under tested conditions. Contrary to that, in our study SAP6 expression in ∆cph1/∆cph1 ∆efg1/∆efg1 was significantly altered but detectable. The differences in these two studies might result from differences in the methods applied and media used.
It was previously suggested (Nantel et al. 2002 ) that CPH1 is EFG1-dependent in C. albicans morphogenesis and its role in the serum-induced hyphae formation is minor. According to Lo et al. (1997) , by integrating a copy of the functional EFG1 factor to ∆cph1/∆cph1 ∆efg1/∆efg1 filamentation is restored. Interestingly, our results showed that in ∆cph1/∆cph1 ∆efg1/∆efg1 containing one integrated copy of EFG1 (strain HLC84), SAP6 was significantly under-expressed under the human serum influence despite restored filamentation in serum, as suggested by the latter authors (Lo et. al. 1997) . The mutants used in our study had been generated using the Ura-blaster protocol (Lo et. al. 1997) . Thus, the double mutant that had been created with use of URA3 (an auxotrophic) marker revealed affected SAP6 expression compared to the strain into which one copy of the wild type gene had been restored.
As indicated by Lermann & Morschhäuser (2008) the use of the URA3 marker for mutants construction in C. albicans can sometimes cause problems in the interpretation of mutants' phenotypes. Furthermore, Noble et al. (2010) have suggested that the use of URA3 as a selectable marker complicate understanding of C. albicans virulence, because its expression can vary significantly as a function of chromosomal position. Moreover, it has also been reported that adequate expression of URA3 is essential for normal virulence as well as for efficient transition involving changes in cellular shape and differential expression of myriad genes (Noble et al. 2010) . Previously Jackson et al. (2007) proposed that SAP6 expression is regulated by Efg1, yet our results suggest that Cph1 may be also involved in this process. Moreover, literature data (Schweizer et al. 2000) point out that there are transcriptional factors (other than Cph1 and Efg1) involved in regulation of both morphogenesis and SAP4-6 expression. One of them is TEC1 (potential TEA/ATTS type DNA binding protein, regulator of the expression of thioredoxin Y1 -Ty1) that according to Schweizer et al. (2000) is required for both hyphae formation and SAP4-6 expression in vitro.
Moreover, as reviewed by Martin et al. (2011) the EED1 seems to encode a key regulator of hyphal growth and other virulence factors like the SAP5 gene, which is hyphae-associated and up-regulated during reconstituted human epithelium infections and patient samples. This is believed to be the first study to fully quantify the SAP6 gene expression level under human serum influence. Taken together, it should be noted that the SAP6 gene (encoding the aspartic protease isoenzyme 6) may be hyphae-independent and is not solely regulated by Efg1 but also by Cph1 under human serum influence. Moreover, other transcriptional factors may regulate this gene expression under human serum influence (Schweizer et al. 2000; Felk et al. 2002; Naglik et al. 2008) .
To summarize, in the current study we evaluated fold expression of SAP6 in C. albicans morphogenesis mutants. Most altered expression was observed in the mutants∆efg1/∆efg1 and ∆cph1/∆cph1 ∆efg1/∆efg1. In addition to that, despite restoring filamentation in the double null mutant by integrating a functional copy of EFG1, the expression of SAP6 gene remained down-regulated. Moreover, considerably the high levels of SAP6 mRNA in strains lacking transcriptional factor (Cph1) and therefore moderately defective in hyphae formation suggest that SAP6 regulation is more complex than previously estimated and might imply a hyphae-independent pathway under human serum influence. Thus, Efg1 does not control SAP4 expression. It should be taken into consideration that C. albicans hydrolytic enzymes might be regulated differently during various experiments and environmental conditions have an important impact on the SAP expression pattern in C. albicans.
